The need for resource efficient processes leads to new challenges in cold forging industry. Current trends demand parts with less mass enabled by a higher material-efficiency. To achieve this requirement, high strength steels and complex geometries are used. But, the higher process forces arising from these developments lead to increasing process loads and thus elastic tool as well as press deformations. A detailed and extensive numerical determination of tool loads enables their reduction by a loaddependent shape optimization of the tool geometry. Aim of this work is a time-efficient and precise process simulation modeling the press-tool-workpiece interaction for a lateral extrusion process based on an integrated FEM/BEM method.
Introduction
The current trend towards resource efficient processes leads to challenges in the automotive sector (Liewald et al., 2011) . A reduction of fuel consumption can be achieved by lightweight design. Current trends demand cold forged automotive parts with less mass. To achieve these requirements, high strength steels and complex geometries are used. But, the higher process forces arising from these developments lead to increasing loads and subsequently elastic tool as well as press deformations. Cold forging processes are often at the limit of acceptable loads applied to press, tool and workpiece. According to Poehlandt (1999) lightweight design intensifies this already existing complex of problems, which results in a reduction of tool life by overload or dimensional workpiece deviations from elastic tool and press deformations. Thus, a subsequent machining process after forging is required, which leads to increased manufacturing costs. Jun et al. (2007) state that precision cold forging of netshape parts is a promising approach to reduce machining costs by improved dimensional accuracy. A detailed and extensive numerical determination of tool loads during process enables their reduction by a load-dependent shape optimization of the tool geometry. The scientific challenge defined by Lee et al. (2002) is to gain a systematic understanding of the interaction between press behavior, forging tool and workpiece. A consideration of elastic tool system and press behavior is already possible in 3D simulations based on the Finite Element Method (FEM), but at the expense of high computation time. Thus, a method with increased time-efficiency is needed.
State of art
According to Tekkaya and Martins (2006) most of the software for the calculation of complex linear and nonlinear systems in engineering is based on FEM. But, for the solution of problems by FEM a discretization of the complete volume is required. This leads to a large number of degrees of freedom. An alternative solution approach is the Boundary Element Method (BEM). This method only discretizes the surface of the boundary domain. Because of this dimension reduction, BEM is a time-efficient solution method for large models at no loss of accuracy. The major disadvantage of the BEM is its limitation to the solution of linear problems. Thus, Brady and Wassyng (1981) bring forward the argument that a combination of FEM and BEM provides a time-efficient solution of problems with nonlinear material behavior solved by FEM and large linear domains solved by BEM as they often occur in forming technology. Zienkiewicz et al. (1977) first discussed the combination of FEM and BEM in an integrated solution procedure. Recently Bäcker et al. (2010) realized an integrated FEM/BEM method for the simulation of the incremental forming process deep rolling as well as deep drawing process (Bäcker, 2011) . This approach enables a transient solution of integrated FEM and BEM domains using one solver. Krusic et al. (2010) emphasizes that the forming process and thus tool life and workpiece accuracy is significantly influenced by press and tool deflections. A detailed and extensive modeling of cold forging processes requires a consideration of press, tool and workpiece. According to Just et al. (2007) , especially the interaction of the different influencing factors complicates their integration into process simulation models. With today's simulation methods it is generally possible to consider press effects in the process simulation. They allow the modeling of linear elastic press behavior by the definition of axial and tilt stiffness parameters determined by e.g. DIN 55189 (Biba et al., 1999) . Because of the highly increased computation time the modeling of elastic deformations and tilt effects is often neglected. Aim of this work is the development of a verified, time-efficient and precise process simulation modeling the press-tool-workpiece interaction for a lateral extrusion process based on the previously described integrated FEM/BEM method.
Experimental examinations

Elastic press behavior
For the development of the analytical model of the elastic press behavior experimental examinations are required. The axial and tilt stiffness of the hydraulic press Hochstein PP200 retrofit are determined in compression tests under variation of process conditions according to DIN 55189 Part 2, see Fig. 1 . This standard provides the total tilt of a hydraulic press under static load. For the determination of axial and tilt stiffness the press load is increased in five steps for each workpiece position (front, back, left, right) until the maximum press load is reached. During the compression tests the process forces and displacements in work direction are measured. Based on the empirical data from the displacement sensors the analytical model of the static press behavior, represented by the stiffness parameters, is derived which is later integrated into the FEM/BEM simulation, see Table 1 . 
Lateral extrusion process
Experiments of the examined lateral extrusion process provide the process data for the integrated FEM/BEM process simulation model and its verification. The experiments were carried out on the previously characterized hydraulic press, which is equipped with a force and displacement sensor. To validate the simulated elastic tool deformations, four strain gauges were placed over the circumference of the lower die insert, offset by 90°, which allow an experimental measurement of the elastic radial die strains, see Fig. 2 . For the workpiece material the case hardening steel 16MnCrS5 (1.7139, AISI 5117) was used. A detailed description of the process characteristics is provided in Klocke et al. (2012) , Schongen et al. (2012) and Schongen et al. (2013) . 
Numerical modeling of the lateral extrusion process
For the time-efficient and precise modeling of cold forging processes like e.g. a lateral extrusion process the already existing FEM/BEM method (Bäcker, 2011) was modified and further researched and Schongen et al., 2013 . In the FEM/BEM simulation the entire tool system is modeled. Workpiece, punch, top section of the counterpunch, upper and lower die inserts are modeled as solid 3D FE elements. The stress rings and all remaining tool parts are described as BEM surface shell elements, see Fig. 3 . In The focus of the presented research work lies in the implementation of the experimentally determined elastic press behavior into the FEM/BEM model using Abaqus. By the investigation of different connection models provided by Abaqus and their characteristics a valid integration of the analytical model of the quasi-static press behavior could be achieved. In the developed FEM/BEM process simulation model the axial stiffness of the press is modeled by an Abaqus AXIAL-Connector. Four Abaqus REVOLUTE-Connectors model the tilt stiffness of the press in x-, y-, as well as negative x-and y-axis, see Fig. 3 . The determined stiffness parameters c a and c k of the used hydraulic press (see Table 1 ) were defined within the Abaqus Connector characteristics.
Numerical results and verification of the simulation model
For the attainment of the aim of this research work the aspired advantages relating to the precision of this new method are proven by a verification of the model. The validation of the simulated process force F P over the process time t P is shown in Fig. 4 . In the experimental process force characteristic and also in the later discussed strain curve a kink due to a hydraulic readjustment of the press during punch retraction at t P 3 s is observed, which has no major effect on the investigations. The comparison shows a good correspondence over the total process time. The maximum process force value has a deviation of 7.2% towards the experiment. It has to be considered that the numerical process force is subject to fluctuations due to the characteristics of the used explicit solver. For the validation of the numerical results of the FEM/BEM model regarding the tool loads and the resulting elastic deformations the moving average of the simulated radial strain was compared with the measured radial strain on the lower die insert, see Fig. 5 . The diagrams were cut at t P = 4 s after achieving a constant radial strain value, due to the springback of the workpiece in the die insert. The numerical results show a very good agreement with the experimentally determined elastic strains. The maximum radial strains at the end of the forming phase are nearly identical in all four positions. Thus, this work is able to prove that modeling the entire tool system based on a BEM domain as well as the integration of an analytical model of the elastic press behavior in an integrated FEM/BEM process simulation is possible. This enables a precise reproduction of the elastic radial strain in the die inserts as a result of occurring tool loads. Tool loads and the resulting elastic tool and press deformations lead to dimensional workpiece deviations. Thus, a comparison of arithmetic mean experimental and simulated final workpiece geometry was performed. The cut views in Fig. 6 show a high correlation of the dimensional accuracy for the FEM/BEM model. Measurements of the workpiece height at different positions as well as the shaft and collar diameter (see Table 2 ) reveal a very good correspondence of the geometry at a maximal deviation of -2.65%. The asymmetry of the experimental workpiece height resulting from elastic press deformation was also reproduced by the FEM/BEM model in its trend. Due to the higher tilt stiffness of the press in negative x-, and negative y-axis the resulting workpiece height in front and right position is increased towards back and left position. 
Conclusion and Outlook
In this paper a time-efficient method based on an integration of FEM and BEM domains in a combined process simulation for the precise calculation of tool loads in a lateral extrusion process modeling the entire tool system was presented. The influence of the quasi-static press behavior was integrated into the process simulation by an analytical model. The combination of FEM with BEM based on the commercially available explicit Abaqus solver enables a time-efficient process simulation considering press-tool-workpiece interaction. By a comparison of extensive numerically and experimentally determined process data the FEM/BEM method was verified for the process simulation of a lateral extrusion process. Coupling of FEM with another method of elastostatics, the Fundamental Solution Method (FSM), as well as the integration of the FEM/BEM method into an iterative numerical shape optimization are topics of ongoing research activities within this project.
